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HIGHLIGHTS 


•  Al— air  battery  based  on  Al— Mg— Ga— Sn— Mn  offers  higher  electrochemical  performance. 

•  The  corrosion  potential  of  Al-Mg-Ga-Sn-Mn  is  -1.499  V  (SCE). 

•  At  20  mA  cm-2,  the  operating  voltage  of  Al— air  battery  with  Al— Mg— Ga— Sn— Mn  is  1.236  V. 

•  The  anodic  utilization  of  Al— air  battery  with  Al— Mg— Ga— Sn— Mn  is  85.3%. 
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In  this  research,  metal-air  battery  based  on  Al,  Zn,  Al-0.5  Mg-0.02  Ga-0.1  Sn  and  Al-0.5  Mg-0.02  Ga 
—0.1  Sn— 0.5  Mn  (wt%)  is  prepared  and  the  battery  performance  is  investigated  by  constant  current 
discharge  test  in  2  mol  L-1  NaCl  solutions.  The  characteristics  of  the  anodes  after  discharge  are  inves¬ 
tigated  by  electrochemical  impedance  spectroscopy  (EIS),  scanning  electron  microscopy  (SEM).  The 
corrosion  behavior  of  the  anodes  is  studied  by  self-corrosion  rate  measurement  and  potentiodynamic 
polarization  measurement.  The  results  show  that  Al— Mg— Ga— Sn— Mn  is  more  active  than  Al,  Zn  and  Al 
— Mg— Ga— Sn  anodes.  The  self-corrosion  rate  is  found  to  be  in  the  order:  Al  <  Al— Mg— Ga— Sn— Mn  <  Al 
— Mg— Ga— Sn  <  Zn.  It  has  been  observed  that  the  Al— air  battery  based  on  Al— Mg— Ga— Sn— Mn  offers 
higher  operating  voltage  and  anodic  utilization  than  those  with  others.  SEM  and  EIS  results  of  the  alloy 
are  in  good  agreement  with  corrosion  characteristics. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Owing  to  the  low  atomic  mass  of  aluminum,  high  energetic 
capacity  (2980  Ah  kg-1),  along  with  the  negative  value  of  standard 
electrode  potential  (-1.66  V  vs.  Normal  Hydrogen  Electrode),  low 
cost,  and  no  pollution,  Al-air  battery  is  a  promising  power  source 
and  energy  storage  device  [1-3].  However  currently,  the  Al-air 
battery  is  still  not  as  popular  as  Zn— air  battery  [4].  The  major 
problem  is  that  Al  anode  exhibited  some  less  attractive  properties, 
such  as  the  severe  self-corrosion  during  battery  discharge  [5,6],  and 
these  disadvantages  have  delayed  the  development  of  Al-air  bat¬ 
tery  and  limited  its  commercial  exploitation.  Due  to  presence  of 
oxide  film,  the  corrosion  potential  of  Al  anode  is  shifted  in  the 
positive  direction  (about  -0.8  V  vs.  NHE),  and  the  active  dissolution 
of  Al  is  slowed  down  considerably  [7,8]. 
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One  way  to  enhance  the  Al  anode  performance  is  to  alloy  Al  with 
other  elements.  The  addition  of  alloying  elements  such  as  Mg,  Ga, 
Hg,  and  Sn  can  shift  the  potential  towards  more  negative,  causing  the 
so-called  activation  of  Al  [9-11  ].  This  wasteful  self-corrosion  results 
in  severe  capacity  loss  and  low  anodic  efficiency.  For  the  purpose  of 
reducing  the  self-corrosion  of  Al  anode  the  measures  were  taken: 
use  alloying  with  the  elements  of  high  hydrogen  overpotential  such 
as  Pb,  Zn  and  Sn,  etc  [12-14].  The  paper  investigated  the  micro¬ 
structure  and  electrochemical  performance  of  Al-Mg-Ga-Sn  alloy 
[15].  In  order  to  further  reduce  the  self-corrosion  of  the  alloy,  it  is 
necessary  reducing  the  harmful  effects  of  impurity  Fe  element.  Mn 
element  can  be  come  into  being  Al6  (Mn,  Fe)  in  the  alloy  and  the 
potential  of  Al6  (Mn,  Fe)  is  almost  the  same  with  that  Al  based, 
thereby  reducing  the  harmful  effects  of  the  impurities  Fe  [16,17]. 

The  effect  of  Mn  elements  on  the  microstructure  and  electro¬ 
chemical  performance  of  Al  anode  alloys  in  sodium  chloride  solu¬ 
tion  was  studied  in  our  preliminary  research.  The  electrochemical 
behavior  of  Al-0.5  Mg-0.02  Ga-0.1  Sn-0.5  Mn  alloy  as  anode  of 
Al-air  battery  was  studied  in  this  paper.  The  commonly  electrolyte 
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used  in  Al-air  battery  was  alkaline  solution  or  neutral  NaCl  solu¬ 
tions  [18,19].  The  high  self-corrosion  rate  of  aluminum  in  the 
concentrated  alkaline  solutions  is  known  [20],  The  present  work  is 
aimed  to  study  the  corrosion  behavior  of  Al-Mg-Ga— Sn— Mn 
anode  in  2  mol  L-1  NaCl  solutions.  The  electrochemical  behavior  of 
Al,  Zn  and  Al-0.5  Mg-0.02  Ga-0.1  Sn  anodes  as  contrast  material 
will  be  considered. 

2.  Experimental 

2.1.  Material  preparation 

Raw  materials  are  commercial  pure  aluminum,  zinc,  magnesium 
ingots,  gallium  particle,  tin  particle  (>99.9%),  Al-10%  wt  Mn  master 
alloy  for  casting  the  experiment  alloys.  The  nominal  composition  of 
the  experiment  alloys  are  0.5%  wt  Mg-0.02%  wt  Ga-0.1  %  wt  Sn-Al, 
0.5%  wt  Mg— 0.02%  wt  Ga— 0.1%  wt  Sn-0.5%  Mn-Al.  Raw  material 
ingots  were  cut,  dried,  weighed  the  required  amount  of  materials 
and  melted  in  a  corundum  crucible  in  ZGJL0.01-4C-4  vacuum  in¬ 
duction  furnace  under  argon  atmosphere  at  760  ±  5  °C.  The  molten 
alloy  was  poured  in  a  preheated  cast  iron  dye. 

2.2.  Electrochemical  measurements 

The  electrochemical  tests  were  carried  out  with  three  electrodes 
system  at  room  temperature  (25  ±  2  °C)  by  CHI660C  electro¬ 
chemical  test  system  (CHI  Company,  USA).  A  saturated  calomel 
electrode  (SCE)  served  as  the  reference  electrode  and  a  Pt  sheet  was 
used  as  the  counter  electrode.  The  working  electrodes  of  open 
circuit  potential  (OCP)  measured  with  an  exposed  area  of  1  cm2. 
The  samples  were  ground  with  emery  paper  (grade  400-800- 
1000-2000)  and  then  cleaned  with  triply  distilled  water.  Mea¬ 
surements  were  performed  in  2  mol  Lr1  NaCl  solutions  for  1  h.  The 
potentiodynamic  cyclic  polarization  was  measured  at  a  scan  rate  of 
1  mV  s_1  after  OCP  measurement.  The  EIS  measurements  were 
carried  out  at  open  circuit  potential  with  a  5  mV  sine  perturbation 
in  2  mol  L-1  NaCl  solutions.  The  measuring  frequency  range  was 
100  kHz-0.1  Hz. 

2.3.  Self-corrosion 

The  samples  of  self-corrosion  tests  were  cut  to 
$11.4  mm  x  5  mm,  then  ground  with  emery  paper  (grade  400- 
800-1000—2000)  and  immersed  in  2  mol  L_1  NaCl  solutions  for 
48  h.  The  weight  of  the  samples  before  and  after  immersion  was 
measured  after  cleaning  the  corrosion  products  formed  on  the 
sample  surface.  The  corrosion  products  were  clean-out  in  solutions 
of  2%  Cr03  and  5%  H3PO4  at  80  °C  for  about  5  min,  then  rinsed  by 
distilled  water  and  ethanol. 

The  corrosion  rate  was  calculated  using  the  formula: 

Corrosion  rate  =  Weight  loss/surface  area/time  of  immersion 
(mg  cm-2  h-1). 


2.4.  Battery  test 

The  batteries  consisted  of  anode,  cathode  and  electrolyte,  where 
anodes  were  Al,  Zn,  Al-0.5  Mg-0.02  Ga-0.1  Sn  and  Al-0.5  Mg- 
0.02  Ga-0.1  Sn-0.5  Mn,  cathode  was  air  electrode  with  Mn02 
catalyst,  and  electrolyte  was  neutral  2  mol  L_1  NaCl  solution.  The 
discharge  performance  of  metal-air  batteries  was  studied  by 
means  of  constant  current  discharge  test,  constant  current 
discharge  test  was  determined  at  current  densities  of  20  mA  cm-2 
for  a  duration  of  5  h.  The  discharge  performance  is  tested  using  the 
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Fig.  1.  Potentiodynamic  polarization  curves  for  Al,  Zn,  Al-Mg-Ga-Sn  and  Al-Mg- 
Ga-Sn-Mn  measured  in  2  mol  L-1  NaCl  solutions  at  a  scan  rate  of  1  mV  s_1. 


LAND  test  system.  The  weight  of  anode  consumed  was  determined 
from  the  weight  of  the  anodes  before  and  after  discharge.  The 
samples  surface  after  discharge  was  examined  using  JSM-5610LV 
scanning  electron  microscope. 

The  anode  utilization  was  calculated  using  the  formula: 

Anode  utilization  q  =  /polarization  h/(mF/ 9.0). 

where  q  is  the  anode  utilization,  %;  /polarization  the  polarization 
current  of  anode,  A;  m  the  weight  loss,  g;  F  the  faraday  constant,  h 
the  time,  s. 

The  above  electrochemical  parameter  values  are  the  average  of 
the  repeated  test  for  more  than  three  times. 

3.  Results  and  discussion 

3.1.  Potentiodynamic  polarization 

Fig.  1  and  Table  1  presents  the  potentiodynamic  polarization 
curves  and  corresponding  corrosion  parameters  of  Al,  Zn,  Al-Mg- 
Ga— Sn  and  Al-Mg-Ga— Sn—Mn  measured  in  2  mol  L-1  NaCl  solu¬ 
tions,  respectively.  The  corrosion  potential  of  Al-Mg-Ga-Sn-Mn 
(-1.499  V)  is  more  negative  than  that  of  Zn  (-1.317  V),  Al-Mg-Ga- 
Sn  (-1.226  V)  and  Al  (-0.862  V),  which  means  that  Al-Mg-Ga-Sn- 
Mn  has  higher  electrochemical  activity.  The  electrochemical  activity 
increases  in  the  following  order:  Al  <  Al-Mg— Ga— Sn  <  Zn  <  Al- 
Mg— Ga— Sn-Mn.  The  corrosion  current  density  (/co rr)  of  Zn  is  much 
greater  than  that  of  Al,  Al-Mg-Ga-Sn  and  Al-Mg-Ga-Sn-Mn, 
implying  that  Zn  is  less  corrosion  resistant  and  the  biggest  self¬ 
corrosion  rate  than  that  of  the  others. 

Table  2  shows  the  self-corrosion  rate  of  the  four  materials, 
which  is  obtained  by  weight  loss  measurement  in  2  mol  L  1  NaCl 
solutions  for  48  h.  As  illustrated  in  Table  2,  the  self-corrosion  rate 
increases  in  the  following  order:  Al  <  Al-Mg— Ga-Sn-Mn  <  Al- 


Table  1 

Corrosion  parameters  of  different  materials  in  2  mol  L  1  NaCl  solutions. 


Material 

Ecorr  (V  VS.  SCE) 

JCOrr(Acm  2) 

Rp  (O  cm2) 

Al 

-0.862 

1.072  x  10”5 

4742 

Zn 

-1.317 

3.654  x  10"4 

152 

Al-Mg-Ga-Sn 

-1.226 

3.795  x  10-5 

1433 

Al-Mg-Ga-Sn-Mn 

-1.499 

2.93  x  IQ"5 

1475 
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Table  2 

Corrosion  rates  of  different  materials  in  2  mol  L-1  NaCl  solutions. 


Material 

Weight 

loss/mg 

Corrosion 
rate/mg  cm-2  h  1 

Corrosion 
rate/cm  year-1 

Al 

0.57 

0.0013 

0.0004 

Zn 

30.91 

0.1994 

0.0245 

Al-Mg-Ga-Sn 

10.36 

0.0475 

0.0154 

Al-Mg-Ga-Sn-Mn 

6.56 

0.0301 

0.0098 

Mg-Ga— Sn  <  Zn.  Al-Mg-Ga-Sn-Mn  shows  much  lower  self¬ 
corrosion  rate  than  Zn  and  Al-Mg-Ga-Sn.  The  more  positive  po¬ 
tential  and  the  less  self-corrosion  rate  of  Al  result  from  the  presence 
of  compact  oxide  film  on  Al  surface  according  to  the  reaction  (1). 
The  higher  self-corrosion  rate  of  Zn  results  from  the  not  very 
compact  oxide  film  on  Zn  surface  according  to  the  following  reac¬ 
tion  (2). 

2A1  +  6H20  — ►  2A1(0H)3  J,  +3H2  (1) 

Zn  +  2H2O^Zn(OH)2  +  H2  (2) 

Al  alloying  with  Mg,  Ga,  Sn  and  Mn,  namely  Al-Mg-Ga-Sn-Mn 
anode  possesses  the  more  negative  potential  and  the  less  self¬ 
corrosion  rate.  Based  on  the  above  analysis,  in  contrast  to  Al  and 
Al-Mg-Ga— Sn,  Al-Mg-Ga-Sn— Mn  could  be  used  in  Al-air  bat¬ 
tery  as  anode. 

3.2.  Battery  performance 

Fig.  2  shows  the  discharge  behavior  of  metal— air  battery  with 
different  anodes  at  current  densities  of  20  mA  cm-2.  The  voltage- 
time  curves  are  similar  for  all  the  samples.  The  operating  voltage 
decreased  rapidly  in  the  early  discharging  stage,  which  is  caused  by 
the  battery  internal  resistance,  and  then  reached  to  an  approximate 
constant  value.  It  should  be  noted  that  the  operating  voltage  of  air 
battery  with  Al-Mg-Ga-Sn— Mn  is  higher  than  those  of  the  others. 

Table  3  summarizes  the  performance  of  the  above  batteries  at 
20  mA  cm-2.  As  shown  in  Table  3,  the  battery  with  Al-Mg-Ga- 
Sn-Mn  displays  higher  operating  voltage  and  anodic  utilization 
than  those  of  the  others.  The  anodic  utilization  of  Al  is  higher  than 
that  of  Zn  and  Al-Mg-Ga-Sn;  this  is  because  the  low  self¬ 
corrosion  rate  of  Al  resulted  from  the  formation  of  the  protective 
oxide  film  on  Al  surface.  Among  all  the  samples,  the  best  perfor¬ 
mance  of  battery  with  Al-Mg— Ga— Sn-Mn  is  obtained,  the 


Fig.  2.  Discharge  behavior  of  metal-air  battery  with  different  anodes. 


Table  3 

The  discharge  performance  of  metal— air  battery  with  different  anodes. 


Material 

Operating  voltage  (V) 

Anodic  efficiency  (%) 

Al 

0.565 

81.4 

Zn 

0.759 

68.1 

Al-Mg-Ga-Sn 

1.185 

63.2 

Al-Mg-Ga-Sn-Mn 

1.236 

85.3 

operating  voltage  is  1.236  V  and  the  anodic  utilization  is  85.3%. 
Improved  discharge  characteristics  may  be  due  to  the  Mn  element 
of  the  alloy  reducing  the  harmful  effects  of  impurity  Fe  element, 
which  results  in  a  decrease  of  self-corrosion  [21,22]. 

3.3.  Surface  analysis  after  discharge 

The  surface  morphologies  of  different  anodes  after  discharge  at 
20  mA  cm-2  current  densities  for  5  h  in  2  mol  L-1  NaCl  solution 
were  obtained  by  scanning  electron  microscopy  examination.  The 
results  are  shown  in  Fig.  3,  it  could  be  seen  that  the  morphology  of 
Al  shows  few  small  pits  in  Fig.  3a.  As  can  be  observed  in  Fig.  3c  and 
d,  the  morphologies  of  Al-Mg-Ga— Sn  and  Al-Mg-Ga— Sn—Mn 
anodes  after  discharge,  are  loose  with  many  pores  and  cracks 
compare  with  Fig.  3a  and  b.  The  relative  passivity  morphology  of  Al 
results  from  the  surface  hydroxide  layer  according  to  the  following 
reaction. 

4A1  +  302  +  6H20^4A1(0H)3  (3) 

Pure  aluminum,  is  unsuitable  for  use  as  the  anode  of  an  Al-air 
battery  since  its  surface  is  covered  by  a  passive  hydroxide  layer 
creating  high  overpotential  during  anodic  dissolution.  Alloying 
aluminum  with  particular  elements  such  Sn,  and  Ga,  activates  it  by 
breaking  down  the  passive  layer.  On  one  hand,  the  low  melting 
point  alloying  elements  Sn  and  Ga  distribute  evenly  on  the  solid 
solution  of  Al  or  in  the  grain  boundary,  destroy  the  Al  lattice,  and  it 
can’t  generate  continuous  passive  film  the  surface;  On  the  other 
hand,  the  alloying  elements  with  low  melting  point  and  high 
hydrogen  evolution  overpotential  dissolve  and  deposition  on  the 
aluminum  surface  again,  which  always  make  the  alloy  in  the  highly 
active  state.  The  addition  of  Mg  to  aluminum  improves  its  impurity 
intolerance  most  probably  because  the  magnesium  forms  com¬ 
pounds  with  elements  like  silicon,  preventing  them  from  reducing 
on  cathodic  sites  to  act  as  centers  for  hydrogen  evolution  [23]. 
Using  Mn  as  an  alloying  element  has  been  shown  to  reduce  the 
corrosion  rate  of  aluminum  which  contains  impurity  iron.  The 
morphology  of  Zn  shows  more  intense  corrosion  in  Fig.  3b,  corro¬ 
sion  cover  entire  surface  and  pitting  is  entirely  masked  by  uniform 
corrosion  according  to  the  following  reaction,  the  corrosion  product 
of  ZnO  has  not  a  protective  effect. 

2Zn  +  02  — >2ZnO  (4) 

3.4.  Electrochemical  impedance  spectroscopy 

The  EIS  plots  of  the  four  anodes  are  shown  in  Fig.  4.  The  plots 
consisted  of  two  loops.  The  high  frequency  loop  might  be  resulted 
from  charge  transfer;  the  middle  frequency  loop  might  be  due  to 
the  dissolution  precipitation  (an  aggregating  layer)  on  the  alloy 
surface  [24].  An  equivalent  circuit  for  simulating  this  process  is 
shown  in  Fig.  5  and  the  fitting  values  of  impedance  parameters  are 
listed  in  Table  4.  To  obtain  more  precious  fitting  results,  the 
employed  capacitance  element  (C)  which  shows  the  double-layer 
capacitance  is  replaced  by  constant  phase  element  (CPE).  In  Fig.  5, 
Rs  represents  the  solution  resistance,  Rt  and  CPEi  are  the  charge- 
transfer  resistance  and  double-layer  capacitance  of  the  alloy 


422 


J.  Ma  et  al.  /  Journal  of  Power  Sources  253  (2014)  419-423 


Fig.  3.  SEM  micrographs  of  anodes  obtained  after  discharge  in  2  mol  L  1  NaCl  solutions  (a)  Al,  (b)  Zn,  (c)  Al-Mg-Ga— Sn,  and  (d)  Al-Mg-Ga-Sn-Mn. 


surface.  CPE2  and  R2  represent  corresponding  parameters  for  the 
dissolution  process.  The  fitting  values  obtained  by  ZSimpwin  soft¬ 
ware  for  the  equivalent  elements  are  shown  in  Table  4.  The  x2  is  the 
precision  of  the  simulated  data.  We  can  see  that  the  x2  values  are 
small,  reflecting  the  fact  that  the  fitting  data  have  good  agreement 


with  the  experimental  ones.  In  general,  the  higher  Rt  reflects  a 
lower  corrosion  since  the  exchange  current  is  directly  associated 
with  the  electrochemical  process  of  corrosion  [25].  It  can  be  seen 
that  the  Rt  reduces  in  the  following  order:  Al  >  Al-Mg-Ga-Sn- 
Mn  >  Al-Mg— Ga— Sn  >  Zn.  This  indicates  that  the  corrosion  pro¬ 
cess  is  more  intense  with  the  order.  Consequently  except  for  Al,  Al- 
Mg-Ga-Sn-Mn  could  keep  high  anodic  utilization  during 
discharge. 

4.  Conclusions 

We  investigated  the  corrosion  behavior  and  discharge  perfor¬ 
mance  of  Al,  Zn,  Al-Mg-Ga— Sn  and  Al-Mg-Ga-Sn-Mn  anodes  in 
2  mol  L-1  NaCl  solutions.  Compared  with  Zn  and  Al-Mg— Ga-Sn, 
Al-Mg— Ga-Sn—Mn  has  higher  electrochemical  performance 
and  lower  self-corrosion  rate.  The  corrosion  potential  and  the 
self-corrosion  rate  of  Al-Mg-Ga— Sn—Mn  are  -1.499  V  and 
0.0098  cm  year-1,  respectively.  Using  Al-Mg— Ga-Sn-Mn  as  anode 


Table  4 

EIS  simulated  values  of  anodes  after  discharge. 


Anodes  Al  Al-Mg-Ga-  Al-Mg-Ga-Sn  Zn 

Sn-Mn 


Rs  (Q  cm2) 

2.34 

3.19 

3.11 

2.14 

CPEt 

4.19  x 

10-5 

7.93  x 

10-5 

2.55  x 

10-5 

1.85  x 

10 

(Q-1  cm"2  s'1) 

) 

Hi  (0  <  n  <  1) 

0.80 

0.90 

1 

0.41 

Rt  (0  cm2) 

9659 

1234 

4.53 

0.035 

cpe2, 

2.39  x 

10-5 

1.19  x 

10-2 

4.85  x 

10-5 

1.36  x 

10 

(Q-1  cm"2  s-1; 

) 

n2  (0  <  n  <  1) 

0.83 

1 

0.88 

0.89 

R2  (0  cm2) 

105 

274 

1975 

338.1 

x2 

9.16  x 

IQ"3 

3.97  x 

IQ"3 

1.12  x 

IQ"3 

4.83  x 

10 

Fig.  5.  Equivalent  circuit  of  EIS  of  anodes  obtained  after  discharge. 
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could  improve  the  performance  of  Al-air  battery,  and  solve  the 
problem  of  severe  self-corrosion  and  passivation.  At  a  current 
density  of  20  mA  cm-2,  the  operate  voltage  of  Al-air  battery  with 
Al-Mg-Ga— Sn— Mn  anode  is  1.236  V,  and  the  anodic  utilization  is 
85.3%.  The  morphology  of  Al-Mg-Ga-Sn-Mn  anode  after 
discharge  was  lost  resulting  in  the  high  activation  of  the  alloy.  The 
high  anodic  utilization  of  Al— Mg— Ga— Sn— Mn  anode  during 
discharge  is  partially  responsible  for  the  higher  Rt ,  which  is  well 
validated  by  EIS  measurement. 
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